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ABSTRACT: The thermal stability of electrochemically delithiated
Li0.1Ni0.8Co0.15Al0.05O2 (NCA), FePO4 (FP), Mn0.8Fe0.2PO4 (MFP), hydro-
thermally synthesized VOPO4, LiVOPO4, and electrochemically lithiated
Li2VOPO4 is investigated by diﬀerential scanning calorimetry (DSC) and
thermogravimetric analysis, coupled with mass spectrometry (TGA-MS).
The thermal stability of the delithiated materials is found to be in the order
of NCA < VOPO4 < MFP < FP. Unlike the layered oxides and MFP,
VOPO4 does not evolve O2 on heating. Thus, VOPO4 is less likely to cause a
thermal run-away phenomenon in batteries at elevated temperature and so is
inherently safer. The lithiated materials LiVOPO4, Li2VOPO4, and
LiNi0.8Co0.15Al0.05O2 are found to be stable in the presence of electrolyte, but sealed-capsule high-pressure experiments show
a phase transformation of VOPO4 → HVOPO4 → H2VOPO4 when VOPO4 reacts with electrolyte (1 M LiPF6 in EC/DMC =
1:1) between 200 and 300 °C. Using ﬁrst-principles calculations, we conﬁrm that the charged VOPO4 cathode is indeed
predicted to be marginally less stable than FP but signiﬁcantly more stable than NCA in the absence of electrolyte. An analysis of
the reaction equilibria between VOPO4 and EC using a multicomponent phase diagram approach yields products and reaction
enthalpies that are highly consistent with the experiment results.
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■ INTRODUCTION
Lithium-ion batteries are widely used in portable electronic
devices and electric vehicles. The two most common
commercialized cathode materials for Li-ion batteries are
layered oxides LiMO2 (M = Mn, Co, and Ni)
1 and olivine
phosphates LiMPO4 (M = Fe, Mn, Co, and Ni).
2 Layered oxide
cathode materials, in their charged states, are metastable under
ambient conditions. At elevated temperature (>200 °C), they
start to decompose and release O2 because of the high eﬀective
oxygen partial pressure.3−5 The thermal stability of layered
oxide materials has been investigated by various techniques
including mass spectroscopy combined with TGA/DSC6−9 and
in situ high-temperature X-ray diﬀraction (XRD).10−12 For
example, low Li content LixNi0.8Co0.15Al0.05O2 (NCA) decom-
poses below 300 °C, and the released O2 can further react with
organic solvent, leading to thermal run-away phenomenon. The
amount of heat released is directly related to the amount of
residual Li and the cut oﬀ voltage. Nam et al.13 conducted a
comprehensive study of the overcharged layered oxide materials
showing that the phase transformation of NCA starts just above
200 °C. Furthermore, theory calculations also show the thermal
instability of layered oxide materials at lithium deﬁcient
state.14,15 However, LiFePO4 is used as power source for
electric vehicles owing to its excellent safety, high rate
capability, and long-term cycle life. There has been increased
interest in LiMnPO4 because it has higher voltage (4.1 V vs
Li+/Li) and higher energy density.16−18 However, in its charged
state MnPO4 decomposes below 400 °C under ambient
condition and releases a signiﬁcant amount of O2, which
could be a potential hazard.19,20 Thermal instability of MnPO4
has also been conﬁrmed by DFT calculations.21 Thus,
manganese-rich LiMnyFe1−yPO4 have been considered as a
good alternative with high energy density and good thermal
stability.22 Moving toward even higher energy density cathodes,
VOPO4 is found promising because two lithium ions can be
reversibly inserted/extracted, giving a theoretical capacity over
300 mAh/g.23−26 However, it is possible that VOPO4 reacts
with the organic electrolyte because V/P/O based catalysts
have been commercialized for organic synthesis since the
1980s.27 The thermal stabilities of the lithiated phases
LiVOPO4 and Li2VOPO4 have not been reported yet. Other
than the cathode materials, the organic electrolyte with high
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volatility and ﬂammability is a key safety issue.28 The anode, in
particular carbon-based anode, is also a potential hazard for Li-
ion batteries because the free energy of combustion of carbon is
2366 kJ/mol of Li.29 Thus, the safety of the Li-ion battery
depends on the interactions between all the cell components.
In this work, we focus on the interactions between cathode
materials and electrolyte. Three types of cathode materials were
investigated: layered oxide LiNi0.8Co0.15Al0.05O2 (NCA); olivine
phosphates LiFePO4 (LFP) and Mn-rich LiMn0.8Fe0.2PO4
(LMFP); and multielectron vanadyl phosphates VOPO4,
LiVOPO4, and Li2VOPO4. The thermal behavior of the
materials with and without electrolyte (1 M LiPF6 in a mixture
of ethylene carbonate (EC) and dimethyl carbonate (DMC),
EC/DMC = 1:1) was studied by diﬀerential scanning
calorimetry (DSC) and thermogravimetric analysis coupled
with mass spectroscopy (TGA-MS). The solid products of the
thermal reactions were studied by X-ray diﬀraction. The
reactions between VOPO4 and electrolyte were further
investigated by sealed-capsule high-pressure experiments.
First-principle calculations were applied to predict the possible
reactions between VOPO4 and EC.
■ EXPERIMENTAL SECTION
LiFePO4 and LiMn0.8Fe0.2PO4 were provided by Dr. Shailesh Upreti
and are similar to the nanosized samples used in thermal studies of
delithiated olivines in our previous work.22 LiNi0.8Co0.15Al0.05O2
sample was obtained from TODA America, Inc. Synthesis of
VOPO4 followed the procedure of our group’s previous work;
24
LiVOPO4 was synthesized by hydrothermal method at 180 °C for 48 h
from the same precursors as reported by Harrison et al. for the
microwave-assisted solvothermal method.26
The cathode materials for the electrochemical tests were prepared
by mixing active materials carbon black/polyvinylidene ﬂuoride
(PVDF) at a 8:1:1 weight ratio, with N-methyl-2-pyrrolidone solvent.
The slurry was cast on an Al foil current collector and then dried
overnight in vacuum oven. The electrodes, with 3−5 mg loading of
active material, were assembled in 2325-type coin cells in a He-ﬁlled
glovebox. The electrolyte was 1 M LiPF6 in a 1:1 volume ratio of
ethylene carbonate (EC) and dimethyl carbonate (DMC). The cells
were tested using a MPG2 multichannel potentiostat (Biologic).
FePO4 and Mn0.8Fe0.2PO4 were obtained by electrochemical
delithiation of LFP and LMFP to 4.3 and 4.4 V, respectively, at
C/20 current density. Li0.1NCA was obtained by electrochemical
delithiation of NCA to 4.6 V at C/10 current density. Li2VOPO4 was
obtained by electrochemical lithiation of LiVOPO4 to 1.5 V at C/50
current density. LiVOPO4 and VOPO4 powders were used as
synthesized.
Powder X-ray diﬀraction patterns were obtained on a Philips
PW3040-MPD X-ray diﬀractometer operated at 40 kV and 20 mA
using Cu Kα radiation with a graphite diﬀracted-beam monochroma-
tor. X-ray diﬀraction patterns are typically collected in reﬂection mode
in a theta−theta conﬁguration using 1° divergent and antiscatter slits
using counting times suﬃcient to acquire several thousand counts on
the maximum peaks. In situ high-temperature X-ray diﬀraction analysis
was performed at the National Synchrotron Light Source, beamline
X7B, wavelength 0.3196 Å, with a heating rate of 5 °C/min under He
ﬂow. Rietveld reﬁnement of the X-ray diﬀraction patterns was
performed using the GSAS/EXPGUI package.30,31
For the DSC experiments, the electrodes were tested either with or
without electrolyte. In the no electrolyte case, the charged electrodes
were washed with DMC, dried, and loaded into a stainless-steel high-
pressure capsule (TA Instruments). If the charged electrode was to be
tested with the electrolyte, then after the cell was disassembled, the
electrode was directly sealed in the capsule without washing. Typically,
the mass of electrolyte was about 25−35% of the mass of the cathode
materials. The heat ﬂow was calculated per weight of the entire sample
(mass of electrodes + mass of electrolyte − mass of current collector).
In both cases, the whole process was done in a He-ﬁlled glovebox to
prevent the materials from contacting air. The samples were analyzed
in a DSC (Q200 Calorimeter, TA Instruments) using a temperature
scan rate of 5 °C/min. The temperature and DSC cell constant were
calibrated using an indium standard.
The thermal properties and gas evolution of the samples were
examined by the thermogravimetric analysis (TGA) coupled with mass
spectrometry (MS) (TG 209 F1 IRIS, Netzsch). Samples were loaded
in an alumina crucible and heated at the rate of 5 °C/min under N2
ﬂow.
To study the reaction of VOPO4 with electrolyte and solvent, a
series of sealed-capsule high-pressure experiments were performed.
VOPO4 powder was mixed with 25 wt % electrolyte (or solvent) in a
pure gold capsule, which was welded later in air. The sealed capsule
was heated to a certain temperature (200, 240, and 300 °C) at a rate of
5 °C/min, held for 4 h, and then cooled down. A constant ambient
pressure of 45 MPa of Ar was applied to keep the capsule intact.
Capsule integrity was conﬁrmed by constancy of mass and the
noticeable expansion of the capsule via the vaporization of the solvent
and the gas in the products after retrieval from the pressure vessel. The
products were taken out for XRD.
All spin-polarized density functional theory (DFT) calculations
were performed using the Perdew−Burke−Ernzerhof (PBE) general-
ized gradient approximation (GGA) exchange correlation functional,32
as implemented in VASP.33 The set of parameters was selected to be
consistent with the Materials Project,34 a large open database of
computed properties for all known phases in the Inorganic Crystal
Structure Database (ICSD) up to 2012.35 A plane wave energy cutoﬀ
of 520 eV and k-point density of at least 1000/(number of atoms in
unit cell) were chosen, and a Hubbard U36,37 value of 3.25 eV was
applied for V to ensure a more accurate representation of the localized
V 3d orbitals.38 All calculations were started with a high-spin
ferromagnetic conﬁguration as a previous ﬁrst-principles study has
shown that the magnetic ordering has a small eﬀect on the relative
total energies in these systems.39
The crystal structures of HxVOPO4 (x = 1 and 2), as reported in the
ICSD,35 contain missing hydrogens. To obtain candidate structures, a
Voronoi tessellation-based algorithm was used to identify potential
interstitial sites for H, subject to minimum distances from existing
ions. An enumeration was then carried out to generate symmetrically
distinct orderings of H, and the lowest DFT structures were then
selected for subsequent analyses.
We assessed the thermal stability of the charged VOPO4 cathode in
the absence as well as in the presence of ethylene carbonate. For the
former, the approach previously developed by Ong et al.21 for the
study of the delithiated olivine MPO4 cathode was used. Brieﬂy, this
approach involves the construction of the oxygen grand potential V−
P−O phase diagram and observing the critical oxygen chemical
potential at which VOPO4 decomposes. The transition chemical
potential can then be mapped to a temperature. Because delithiated
VOPO4 phase is not the lowest-energy structure, we have removed
other VOPO4 phases lower in energy than the delithiated VOPO4
phase to investigate the nonequilibrium reduction pathway.
To predict the most likely products for the reaction between
VOPO4 and EC, we have developed a multicomponent phase diagram
approach to construct the reaction diagram. The computational V−
O−P−C−H phase diagram is constructed from the energies of all
known phases in this system. The energies of solid phases were
obtained from DFT calculations, whereas the energies of liquid (EC
and H2O) and gaseous (CO2 and CO) phases were set to reproduce
experimental standard enthalpies of formation.40 Other than VOPO4
and HxVOPO4 (x = 1 and 2), the DFT energies of all other solid
phases are obtained from the Materials Project database.34,41 We then
identiﬁed the intersection of all simplex facets of the phase diagram
with the VOPO4−EC tie-line, which provides the linear combination
of phases (“products”) that are predicted to be stable at a particular
ratio of VOPO4 and EC. The normalized reaction energy is then
plotted as a function of x. This normalized reaction energy ΔE(x) is
given by
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It should be noted that only the reaction between VOPO4 and EC is
modeled, and not other electrolyte components such as dimethyl
carbonate (DMC) and LiPF6.
All analyses were carried out using the Python Materials
Genomics42 materials analysis library.
■ RESULTS AND DISCUSSION
To deﬁne the electrochemical state of the charged materials,
Figure 1 shows the typical voltage proﬁles of NCA, LFP,
LMFP, and LiVOPO4 cathodes. For LFP and MFP, all the
lithium ions are extracted (charge capacity 160 mAh/g), giving
the ﬁnal products FePO4 and Mn0.8Fe0.2PO4. At 4.6 V, 90% of
the NCA lithium ions are extracted (charge capacity 250 mAh/
g), resulting in the ﬁnal product of Li0.1Ni0.8Co0.15Al0.05O2. In
contrast, one lithium ion is inserted into LiVOPO4 (discharge
capacity 156 mAh/g), so the product is Li2VOPO4.
Before proceeding to the studies of the electrodes, we have
investigated thermal properties of inactive components of the
electrode (carbon and binder) and of the electrolyte. DSC data
of carbon black (Figure S1) and PVDF (Figure S2) show that
both of them are stable up to 300 °C. Furthermore, when they
are mixed with electrolyte, the heat released is small, indicating
that no reactions happen. According to Figure 2, the electrolyte
alone shows an exothermic reaction between 250 and 300 °C,
with 391 J/g released heat, which is due to its decomposition.
LiPF6 is decomposed to LiF and PF5, which is a strong Lewis
acid that causes cleavage of EC rings. Also, PF5 could react with
traces of water and form HF, which further results in the
decomposition of the solvent.5,28 When the material is heated
with the electrolyte, the speciﬁc heat released is highly
dependent on the ratio of the material to the electrolyte.
Hence, in all the following experiments, the mass of electrolyte
never exceeds 40% of the cathode material. Otherwise, the
thermal behavior of the electrolyte would be dominant and
mask the reactions caused by the cathode materials. There are
contradictions in the literature5,43 regarding the thermal
stability of battery materials with electrolyte, which could be
due to the diﬀerent amount of electrolyte involved in the
reaction. Also, in a real battery, the mass of the electrolyte is far
less than that of the active materials. In the remainder of the
paper, the thermal properties of the active materials with the
electrolyte or solvent or in pure form will be analyzed and
compared, and such materials will be referred to as -e
(electrolyte), -s (solvent), and -p (pristine), respectively.
The DSC of the pristine LiNCA electrode (Figure S3) shows
that it is stable with the electrolyte, as expected. The DSC of
the charged Li0.1NCA electrode (4.6 V cutoﬀ) shows that
(Figure 3) NCA-p starts to decompose at 220 °C and generates
674 J/g heat upon heating, indicating the thermodynamical
instability of the NCA at low Li content. According to the XRD
(Figure 4 right), NCA has a layered structure before heating
and converts to a rock salt NiO structure after decomposition.
TGA data (Figure 4 left) is in good agreement with DSC: An
obvious weight loss, starting at 200 °C, is observed with O
atoms and O2 molecules in the residue gas, indicating the
decomposition reaction. A broad CO2 peak is due to the
reaction between coated carbon and the released O atoms. The
15% weight loss is close to the theoretical value (∼16%) for the
reaction Li0.1Ni0.8Co0.15Al0.05O2 → Li0.1Ni0.8C0.15Al0.05O +
0.5O2. Furthermore, when NCA is heated with electrolyte,
the onset temperature of the exothermic peak is also 220 °C,
but the heat released is signiﬁcantly larger (793 J/g), suggesting
Figure 1. Typical voltage proﬁles of NCA, LFP, LMFP, and LiVOPO4
cathodes, obtained from galvanostatic measurements. The numbers on
the x axis correspond to the amount of Li extracted from
LiMn0.8Fe0.2PO4, LiNi0.8Co0.15Al0.05O2, and LiFePO4 upon charge to
form the delithiated compounds, whereas for LiVOPO4 they indicate
the amount of Li inserted upon discharge to form Li2VOPO4 in the
discharged state.
Figure 2. DSC of electrolyte (1 M LiPF6 in EC/DMC = 1:1 volume
ratio).
Figure 3. DSC of Li0.1Ni0.8Co0.15Al0.05O2 charged electrode.
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the presence of combustion reactions with the organic solvent.
Thus, we can conclude that when NCA is charged to 4.6 V with
10% Li remaining it starts to decompose at ∼200 °C with a
signiﬁcant amount of O2 and heat released which is a safety
hazard. The decomposition temperature is consistent with
previous reports.43
Electrochemically delithiated FePO4 (Figure S4) shows very
good thermal stability: FePO4-p does not release heat upon
heating, and only 251 J/g heat is released by FePO4-e. We
notice that when electrolyte is decomposed in the presence of
FePO4, the exothermic peak splits into two, indicating that the
FePO4 could alter the reaction mechanism of the electrolyte
decomposition, but the overall enthalpy change is not
signiﬁcant. On the basis of our group’s previous study22 as
well as previous ﬁrst-principles studies,21 olivine FePO4 stays
stable at up to 600 °C, after which it converts to trigonal FePO4
with no composition change.
However, electrochemically delithiated Mn0.8Fe0.2PO4
(MFP) shows poorer thermal stability. Beyond the very
broad peak centered at 220 °C that is discussed below, DSC
analysis (Figure 5) of MFP-p shows three exothermic peaks
between 300 and 350 °C, releasing 144 J/g heat, whereas MFP-
e has three peaks between 150 and 350 °C, releasing 476 J/g
heat. Furthermore, on heating MFP at 350 °C for 1 h in Ar
atmosphere, the TGA curve (Figure 6 left) shows a sharp
weight loss between 250 and 350 °C, with H2O and O signals
in the residue gas. The exothermic peaks and weight loss
between 300 and 350 °C are related to the phase trans-
format ion ol iv ine (Mn0 . 8Fe0 . 2)PO4 → sarcopside
(Mn0.8Fe0.2)3(PO4)2. The existence of a sarcopside phase is
conﬁrmed by XRD (Figure 6 right, Powder Diﬀraction File 01-
070-1587, Joint Committee on Powder Diﬀraction Standards,
2014). However, the transition temperature is much lower than
we observed before.22 The deviation could be due to the
diﬀerent delithiation methods. For chemical delithiation, the
sample is pure MFP, whereas for electrochemical delithiation,
the sample has not only MFP but also carbon black, PVDF, and
probable residue electrolyte. Particularly, carbon black is a high-
surface-area material, which could absorb a lot of moisture and
organic solvent. Thus, the chemically delithiated MFP is
“cleaner” than electrochemically delithiated MFP. During the
formation of sarcopside, the protons absorbed in MFP
electrodes combine with O atoms of the olivine structure and
forms OH and H2O, which are observed in TGA-MS. Such side
reactions accelerate the collapse of MFP olivine structure and
decrease the phase transition temperature. In contrast, the
thermal property of MFP at 200 °C is interesting. In the DSC
graph (Figure 5), the baseline increases from 40 to 200 °C and
then decreases until 300 °C. The temperature range is so broad
that we do not consider it the result of a discrete exothermic
reaction. To better understand it, we performed TGA-MS
(Figure 7 left) and XRD (Figure 7 right) of MFP heated at 200
°C for 1 h under Ar atmosphere. A 2% weight loss is observed
in TGA experiment, due to H2O and OH before 100 °C and
CO2 at 200 °C. Furthermore, XRD patterns shift to lower angle
by 1°, which is far beyond pattern reproducibility. The reason
could be a structure disorder where transition metal ions move
to the Li site, causing the expansion of the unit cell. Hence, it
could be concluded that MFP starts to decompose to
sarcopside from 250 to 350 °C, which is an exothermic
reaction. The released O is combined with protons, forming
OH and H2O.
DSC (Figure 8) shows that LiVOPO4-p and Li2VOPO4-p are
stable upon heating with no heat released whereas the heat
released from LiVOPO4-e and Li2VOPO4-e is less than 160 J/g
because of the decomposition of electrolyte only. Thus, both
LiVOPO4 and Li2VOPO4 are considered stable up to at least
350 °C. We have also applied high-temperature in situ XRD to
study the thermal stability of VOPO4 and LiVOPO4 electrodes
at higher temperature range. According to Figure S5, phase
transformation of VOPO4 electrode starts at 400 °C and
completes at 700 °C. The ﬁnal product is V4O3(PO4)3 (Figure
S6). During the heating of VOPO4 electrode, V
5+ is reduced to
a mixed valence of +4 and +3 by carbon starting at 400 °C.
Meanwhile, LiVOPO4 electrode delivers a better thermal
stability (Figure S7); the phase transformation to
Figure 4. (left) TGA-MS data of charged NCA heated at 5 °C/min to 350 °C and held for 1 h under N2 atmosphere; (right) XRD of charged NCA
before and after TGA experiment.
Figure 5. DSC of Mn0.8Fe0.2PO4.
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Li3V2(PO4)3 starts at 650 °C (Figure S8). Here the V
4+ is
reduced to V3+ by carbon. Overall, VOPO4 and LiVOPO4
electrodes are quite stable up to at least 400 °C.
On the basis of the DSC graph (Figure 9), VOPO4-p is fairly
stable below 350 °C; however, VOPO4-e undergoes an
exothermic reaction between 200 and 300 °C, releasing 407
J/g heat, which is signiﬁcantly higher than that of LiVOPO4 and
Li2VOPO4. Furthermore, VOPO4-s also shows an exothermic
reaction, releasing 135 J/g heat. Considering that the solvent
does not decompose at this temperature range, this 135 J/g
heat is attributed to the reaction between VOPO4 and the
solvent. We notice that the heat released from VOPO4-s is less
than that from VOPO4-e and that the onset temperature of
VOPO4-s heat release is higher than of VOPO4-e indicating
that LiPF6 has some inﬂuence on the reaction.
Therefore, we separated the contributions of the salt LiPF6
and of the solvent. As is shown in Figure 10 (left), VOPO4 does
not react with LiPF6; here the endothermic 257 J/g is due to
the decomposition of LiPF6: LiPF6 → LiF + PF5. The small
endothermic peak at 200 °C is the melting point of LiPF6 solid.
The XRD patterns (Figure 10, right) are consistent with the
DSC data: After heating VOPO4 with LiPF6 solid or LiF solid
at 300 °C for 1 h under Ar atmosphere, no obvious phase
changes are observed, suggesting that LiPF6 does not directly
react with VOPO4.
The sealed-capsule high-pressure experiments clearly show
the phase transformation of VOPO4 with electrolyte/solvent
upon heating. The results are summarized in Table 1. At 200
°C (Figure 11a), VOPO4-e becomes orthorhombic HVOPO4,
whereas VOPO4-s is a mixture of ε-VOPO4 and orthorhombic
Figure 6. (left) TGA-MS of Mn0.8Fe0.2PO4 heated to 350 °C at 5 °C/min and held for 1 h under N2 atmosphere; (right) XRD of Mn0.8Fe0.2PO4
before and after TGA experiment.
Figure 7. (left) TGA-MS of Mn0.8Fe0.2PO4 heated to 200 °C at 5 °C/min and held for 2 h under Ar atmosphere; (right) XRD of Mn0.8Fe0.2PO4
before and after TGA experiment.
Figure 8. DSC of LiVOPO4 and Li2VOPO4. Figure 9. DSC of VOPO4.
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HVOPO4. At 200 °C, the ﬁrst phase transformation is ε-
VOPO4 → orthorhombic HVOPO4. Obviously the onset
temperature of VOPO4-e reaction is lower than that of VOPO4-
s, which is consistent with the DSC data (Figure 9). At 240 °C
(Figure 11b), VOPO4-e becomes majorly orthorhombic
HVOPO4, with a minor phase of tetragonal H2VOPO4. In
contrast, VOPO4-s becomes pure HVOPO4. At this point, a
second phase transformation occurs: orthorhombic HVOPO4
→ tetragonal H2VOPO4. Again, the onset temperature of this
second phase transformation of VOPO4-e is lower. As the
temperature is increased to 300 °C (Figure 11c), the ﬁnal
products for both VOPO4-e and VOPO4-s are tetragonal
H2VOPO4, the most thermodynamically preferred ﬁnal
product. Compared to VOPO4-s, VOPO4-e does not show
any new phases but has a lower onset temperature for each
phase transformation stage. The role of LiPF6 is to accelerate
the reaction between VOPO4 and solvent. There could be three
reasons why the VOPO4-e has a poorer thermal stability than
VOPO4-s: (1) LiPF6 directly catalyzes the reaction between
VOPO4 and solvent. (2) The electrolyte decomposition creates
a reducing environment in the system and reduces the VOPO4.
(3) The electrolyte decomposition adds extra heat to the
system and accelerates the reaction between VOPO4 and
solvent. It should be noted that VOPO4 does not have the O2
evolution issue at elevated temperature; thus, the chances of
combustion thermal run-away phenomenon are much lower
than those of the layered oxide materials.
Using ﬁrst-principles calculations, we analyzed the thermal
stability of VOPO4 in the absence and presence of an
electrolyte. We have focused our study on the charged
VOPO4 material because we expect the highly oxidized cathode
to be the most thermally unstable, and previous ﬁrst-principles
work have conﬁrmed the relative thermal stabilities of the
charged olivine21 and layered materials.14 In the absence of an
electrolyte, the oxygen grand potential phase diagram predicts
that VOPO4 starts to decompose (and evolve oxygen) at
around 660 °C in air, which is consistent with the experimental
ﬁnding that VOPO4 is stable at least until 400 °C. We also note
that this decomposition temperature is slightly lower than that
predicted for delithiated FePO4 (700 °C) and signiﬁcantly
higher than that for MnPO4 (370 °C)
21 and much higher than
that for layered oxides.14 It should be noted that the predicted
decomposition temperature for delithiated FePO4 is based on
the assumption that it does not transform to the more stable
quartz phase, which has a considerably higher predicted
decomposition temperature >1100 °C. The predicted decom-
position temperatures are in good qualitative agreement with
our experimental ﬁndings that NCA-p decomposes at 220 °C
and Mn0.8Fe0.2PO4-p decomposes at 300−350 °C compared to
Figure 10. (left) DSC of VOPO4 with LiPF6 solids; (right) XRD of pristine VOPO4, products of VOPO4 heated with LiPF6 solids and LiF solids at
300 °C for 1 h under Ar atmosphere.
Table 1. Products of VOPO4 Reaction with Electrolyte and
Solvent Treated for 4 h at 45 MPa
temperature
(°C) VOPO4 + electrolyte products VOPO4 + solvent products
200 HVOPO4 VOPO4 + HVOPO4
240 HVOPO4 + minor H2VOPO4 HVOPO4
300 H2VOPO4 H2VOPO4
Figure 11. XRD of VOPO4 heated with electrolyte or solvent in a
sealed gold capsule at (a) 200 °C, (b) 240 °C, and (c) 300 °C for 4 h
under 45 MPa Ar atmosphere.
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more than 400 °C for the VOPO4-p. The predicted initial
decomposition reaction for VOPO4 is
→ + +6VOPO O 3VP O VO4 2 2 7 3 7
which is in disagreement with the observation of V4O3(PO4)3
in the experiments. V4O3(PO4)3 is predicted to be metastable
in DFT, though it may be entropically stabilized at ﬁnite
temperatures. The oxygen grand potential phase diagram
approach ignores all sources of entropy except the contribution
from O2 gas, and the existence of carbon, a reducing agent, is
not considered. Therefore, high quantitative accuracy is not
expected.
The calculated reaction diagram for VOPO4−C3H4O3 is
shown in Figure 12. The labeled points (blue and red) between
the end members represent the likely reactions between
xVOPO4 and (1 − x)C3H4O3 (0 ≤ x ≤ 1), and the reactions
corresponding to each label are also tabulated (Table 2). The
reactions forming the convex hull (blue dots A−J) are obtained
from the phase diagram analysis, whereas the reaction above the
hull (red dot W) is based on other candidate reactions that only
form HxVOPO4 with H2O/CO2/CO/C as products. This
reaction is selected on the basis that HxVOPO4 are the main
products observed from the DSC experiments as well as kinetic
considerations.
From Figure 12, we propose two alternative reaction
pathways between VOPO4 and EC. (i) The thermodynamically
equilibrated pathway follows VOPO4→ A→B→ C→ ...→ J as
an increasing amount of EC is reacted with VOPO4. When the
reaction is EC-limited, other vanadium oxides and phosphates
such as VPO4, VP2O7, and V3O7 are predicted to be stable. The
most exothermic reaction occurs at 0.18VOPO4 + 0.82C3H4O3,
resulting in the formation of VO(C2O4)(H2O)3(H2O)2 (or
H10VC2O10, ICSD ID: 170028),
35 H8P2O9 (ICSD ID: 2096),
H2CO2 (formic acid), and C. (ii) The kinetically favored path is
given by VOPO4 → W (black dashed line). Under this path, H
from EC intercalates into VOPO4, forming both HVOPO4 and
H2VOPO4, with the formation of secondary gases or liquids
(e.g., CO, CO2, and H2O). Because this reaction does not
require major restructuring of the VOPO4 framework to form
other phosphates and oxides, it is likely to be kinetically favored
over the reaction predicted by the thermodynamically
equilibrated pathway.
Figure 12. VOPO4−C3H4O3 phase diagram at 298 K. Points on
(above) the convex hull represent the thermodynamically more (less)
favorable reactions between VOPO4 and C3H4O3.
Table 2. Most Likely Reactions between VOPO4 and C3H4O3
label reaction ΔH (kJ) ΔH (kJ/mol of VOPO4)
A +
→ + + +
0.92VPO 0.08C H O
0.06VO 0.32HVOPO 0.30VP O 0.12VC O
5 3 4 3
3 7 4 2 7 2 6
−83.55 −90.82
B
+
→ + + +
0.91VPO 0.09C H O
0.36HVOPO 0.27VP O 0.14VC O 0.14VO
5 3 4 3
4 2 7 2 6 2
−94.64 −104.00
C
+
→ + + +
0.89VOPO 0.11C H O
0.42HVOPO 0.16VP O 0.16VC O 0.16VPO
4 3 4 3
4 2 7 2 6 4
−108.92 −122.38
D
+
→ + + +
0.87VOPO 0.13C H O
0.20VP O 0.27H VOPO 0.20VC O 0.20VPO
4 3 4 3
2 7 2 4 2 6 4
−131.59 −151.25
E
+
→ + + +
0.85VOPO 0.15C H O
0.19H VOPO 0.22VC O 0.11H VPO 0.33VPO
4 3 4 3
2 4 2 6 2 3 10 4
−140.37 −165.14
F
+
→ + + +
0.74VOPO 0.26C H O
0.41H VOPO 0.22VC O 0.11H VPO 0.33VPO
4 3 4 3
2 4 2 6 2 3 10 4
−173.30 −234.19
G
+
→ + + +
0.63VOPO 0.37C H O
0.41H VOPO 0.22H PO 0.22VC O 0.67C
4 3 4 3
2 4 3 4 2 6
−201.34 −319.59
H
+
→ + + +
0.59VOPO 0.41C H O
0.37H VOPO 0.22VC O 0.11H P O 0.78C
4 3 4 3
2 4 2 6 8 2 9
−209.55 −355.17
I
+
→ + + +
0.26VOPO 0.74C H O
0.08VC O 0.19H VC O 0.13H P O 1.68C
4 3 4 3
2 6 10 2 10 8 2 9
−273.20 −1050
J
+
→ + + +
0.18VOPO 0.82C H O
0.37H CO 0.19H VC O 0.09H P O 1.73C
4 3 4 3
2 2 10 2 10 8 2 9
−282.25 −1568
W + → + +0.75VOPO 0.25C H O 0.25H VOPO 0.50HVOPO 0.75CO4 3 4 3 2 4 4 −64.99 −86.65
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Because the molar ratio of VOPO4 to EC is roughly 4.5:1 and
neither carbon nor VPO4 was observed in the experiment, we
believe that the most likely reaction under EC-limited
conditions is W. The predicted reaction products, which
include both HVOPO4 and H2VOPO4, are in excellent
agreement with the experimental ﬁndings. The experimentally
measured enthalpy change of the complete reaction between
VOPO4 and the electrolyte is approximately −110 kJ/mol
VOPO4, which is in reasonable agreement with the computed
reaction enthalpy of −87 kJ/mol VOPO4. It should be noted
that the DFT predictions are at room temperature and that the
actual electrolyte also contains DMC, which is not modeled in
DFT. Within the constraints, the agreement between our
experimental and DFT ﬁndings is remarkable.
■ CONCLUSIONS
We have investigated the thermal stability of Li-ion battery
cathode materials by DSC and TGA-MS, the results are
summarized in Table 3. We found out that the exothermic
decomposition of the electrolyte (1 M LiPF6 in EC: DMC =
1:1) between 250 and 300 °C can mask the thermal signals
from the materials. Thus, the amount of the electrolyte in such
experiments should be limited. Li0.1Ni0.8Co0.15Al0.05O2 is found
to be the least stable, and to decompose at 200 °C releasing
about 800 J/g heat and signiﬁcant amount of O2. VOPO4 reacts
with the electrolyte between 200 and 300 °C, releasing 406 J/g
heat, but it does not have the O2 evolution issue as layered
oxide materials. Mn0.8Fe0.2PO4 starts to decompose to sarcop-
side (Mn0.8Fe0.2)3(PO4)2 at 300 °C, releasing 476 J/g heat.
FePO4, LiVOPO4 and Li2VOPO4 are all stable with electrolyte.
Thus, the thermal stability of the charged materials is in the
order: NCA < VOPO4 < MFP < FePO4. The lithiated materials
LiVOPO4, Li2VOPO4 and LiNi0.8Co0.15Al0.05O2 are found to be
stable in the presence of electrolyte. The reactions between
VOPO4 and the electrolyte are further studied by sealed-
capsule high-pressure experiments, showing a two-step phase
transformation ε-VOPO4 → orthorhombic HVOPO4 →
tetragonal H2VOPO4. The presence of LiPF6 accelerates the
reaction between VOPO4 and the solvent. We have applied ﬁrst
principle calculation and developed a novel multicomponent
phase diagram approach to predict the reactions between
VOPO4 and EC. The predicted reaction products are in good
agreement with experiment results: both HVOPO4 and
H2VOPO4 are predicted to be among the likely products, and
the enthalpy calculated (−87 kJ/mol of VOPO4) is close to the
experimental data (−110 kJ/mol of VOPO4).
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